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FOREWORD

The Subcommittee on Radiochemistry is one of & number of sub-
cammittees working under the Committee on Ruclear Sclence within the
National Academy of Sciences- National Research Council. Its members
represent government, Industrial and university laboratories in the areas
of nuclear chemlstry and analyticel chemistry.

The Subcommlttee has concerned itself with those areas of nuclear
sclence which iInvolve the chemist, such as the collection and distribution.
of radiochemlical procedures, the establishment of specificeations for radio-
chemlcally pure reagents, the problems of stockplling unconteminated
materials, the avallebllity of cyclotron time for service irradiatiomns, the
place of radiochemistry in the undergraduate college program, etc.

This series of monographs has grown out of the need for up-to-
date compilations of radiochemical information and procedures. The Sub-
committee has endeavored to present e series which will be of maximim use
to the working sclentist and which contalns the latest avallable informa-
tion. Each monograph collects in one volume the pertinent information
‘required for radiochemical work with an individual element or a group of
closely related elements.

An expert in the radiochemistry of the particular element has
written the monograph, following a standard format developed by the Sub-
committee. The Atomic Energy Commission has sponsored the printing of
the series. :

The Subcommlttee is confident these publications will be useful
not only to the radiochemist but also to the research worker in other filelds
such as physics, blochemistry or medicine who wishes to use radiochemlcal
techniques to solve a specific problem.

W. Wayne Meinke, Chairman
Subcommittee on Radiochemistry
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INTRODUCTION

This velume which deals with the radiochemistry of
astatine is one of a series of monographs on radiochemistry
of the elements. There is included a review of the nuclear
and chemical features of particular interest to the radio-
chemist, a discussion of problems of dissolution of a sample
and counting techniques, and finally, a collection of radio-
chemical procedures for the element as found in the
literature.

The series of monographs will cover all elements for
which radiochemical procedures are pertinent. Plans include
revision of the monograph periodically as new techniques and
procedures warrant. The reader is therefore encouraged to
call to the attention of the author any published or unpub-
lished material on the radiochemistry of astatine which might
be included in & revised version of the monographs.
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The Radiochemistry of Astatine®

EVAN H. APPELMAN
Argonne National Laboratory
Lemont, Illinois
March 1960

General Reviews of Astatine Chemistry and Radiochemistry

Edward Anders, Ann. Rev. Nucl. Sci. 9, 203 (1959).
Earl X. Hyde, J. Chem. Ed. ;éb 15 (1959).
Earl K. Hyde, J. Phys. Chem. gg, 21 (1954)

II. Isotopes of Astatine® |
Mass No. Half-life Principal modes of decay
< 202 43 gec. electron captﬁre,vq
< 203 1.7 min. e. C. |
203 7 min. e, Coey, O
20k 25 min. e. c.
205 25 min. €. C.y, Q
206 2.9 hr. e. C.
207 1.8 nr. 90% e. ¢., 10% a
208 6.3 hr. electron capture

¥This monograph was prepared at the request of the
Subcommittee on Radiochemistry of the Committee on

Nuclear Sclence of the National Research Council.



Mass No, Half-11fe Prinoipal moaes of decay

208! . 1.6 hr, e. ¢c. + 0.54 a + v
209 5.5 hr. 5% e. c., 5% a,y
210 8.3 hr. electron capture + 0.2% a + v
211 7.2 hr. 59% e. ¢c., 41% o
212 0.22 sec. a

213 ? a

214 2 x10% sec a

215 107* sec. a

216 - 3x 10'4 sec,' - d 

217 0.018 gec. _n_' a

218 2 sec. a+0.1% p

219. . 0.9mn. . 9% a, %8

| III. Hazards Involved in Handlihg Astatine

All thé precautioné customﬁry in thé handling of
highly radloactive subsfances must be obsérved_in work
with astatine. The tendency of astatine to concentrate
in the thyroid makes if particularly dahgerous,2 and
1ts'vbiaf111ty makes 1t necessary to provide adequatbte
210

ventilation during all operations. At is addition-

ally hazardous because of 1ts hard gamma ray and 1ts

21

140-day, alpha-emitting Po-+C daughter.

IV. Summary of the Chemlical Properties of Astatine3~7

Since astatine has no long-lived isotopes, chemlcal
studies of 1t must be conducted at very low concentfa-
tions=--usually of the order of 10':-|'5 M. Thils makes the
astatine concentration comparable to that of the least

of the impuritiles in thé experimental system. The.re-



actlon of the astatine with such impurities often leads

to 1rbeproducibl¢ and uninterpretable--not to say exceéd-
ingly frustrating--results which lénd coneiderable un-
certalnty to our knowledgé of the chemlstry of thlis element.

We might antlclpate that astatine, as_the heaviest
halogen, would have properties roughly simiiar to those
of 1te lighter brethren. However, & close examlnation
of the chemlstry of the halogens reveals marked differ-
ences among them, and the radlochemist must at all times -
be acutely aware of those properties whlch distinguish
astatine from the other halogens.

At least four oxidatlon states of astatine have been
identified in aqueous solution:

Astatide, At™, is formed by reduction of higher
states wilth S0,, zinc, As(III) at pH > 5, or ferrocyanide
~at pH > 3 and 1ionilc strength ¢ 0.1l. It 1s characterized
by nearly complete coprecipitation (>90#) with AgI, T1I,
or Pble.

The so-called "At(0)" 1s the form in which astatine
is usually found when left to 1ts own devices in-acidie
solution. In the absence of macro quantities of other
halogens, At(0) 1s characterized by high volatility, a
tendency to be adsorbed on metal or glass surfaces,'and
by ready, but quantitatively unpredictable extractability
from acidlc aqueous scolutlons into organic soivents.;;Thus
in a single extraction 0014, benzene, toluene, cyclbhex-
éne, n-heptane, or 1sopropyl ether will remove from 70 to
98% of the astatine from an equal volume of an aqueous
solution. _

Various workers have reported degrees of coprecipita—

tion of At(0) with insoluble iodides and lodates ranging

3



 from 0 to 90%. The. astatine may be nearly quantitatively
precipitated with elemental_tellurium formed 1n sltu i1n
acld éolutions,_andlwill.partially preclpltate wlth in-
soluble sulfides,ahd.hydroxides. _

The extractebllity of At(0) into hydrocarbons or
CClu decreases markedly with the addltion of halide ions,
while the extractabllity into ethers 1s not greatly

-altered. - _ '

‘The At(O) becomes unextractable into all orgenic
solvents when an acld aqueous solution 18 rendered alkallne.
The extractabllity 1s usually largely restored'if.the solu-
tion 1s reacidified within a short time. PFrom the alkaline
solutlon the astatine is completely coprecipitated with T1I
or with AgI, the latter preclpitated from an NHuoH solution.

It has usually been assumed that the astatine épecies
present in "At(0)" solutions is At,. The effect of halide
ions might then be explained in termﬁ of the formation of
such complexeg as AtEI', which would not extract into CClu
qr.pydrgcgpbons,_but might extract into ethers as HAth.

The.behavior_in a;kaline solgtion 15,explicab}e in terms
of reversible hydrolysis to At~ and HOAt.

. However, as we have_already_noted, astatine is subject
to-reaction wlth impurities._ At(0) should be especlally
vulperable, éince not only is At2 expected to'be extremely
lablle in 1ts reactions, but.any reaction whlch tends to
break up the AtEImolecule becomes'thermodynamically favored
at these low astﬁtine concentrations. To make matters
worse, most of the experlments 1nvolving At(O)nhave been
carried.out wlthout adequate control of the oxidatlon po-
tentlals of the solutlons. Thus in addition to At2 these

solutlons may contaln assorted compounds of astatine with
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whatever organic Impuritles happen tb be around, the exact
species present varying from one solutlon to the next. 7Tt
1s small wonder that 1rreproducible behavior has been '
obéerved. |

These complications may be largely avolded 1f another
halogen and hallde lon are present at macro- concentrations.
Now not only does the maecro X -- x2.couple control the
oxldation potential of the system, but the astatine 1s in
the form of a known 1lnterhalogen compound, since the re-
actions At2 + X2 = 2AtX should be rapld and quanfitative.
Further, the macro halogen will react preferentlally with
many lmpurilties which might otherwlse react wlth the aatatine.

In the presence of lodine and lodide the moderately
extractable specles AtI and the unextractable complex: lon
AtL,” appear to be formed. At 21°C. the distribution

between aqueous solutilons -and 0614 18 represented by I -
D = organic astatine/aqueous astatine = 5.5/1+2000(I') :

From such solutions the astatine 1s not coprecipltated with
AgI or Pb(IO3)2. Additioﬁ of T1% to these solutions pre-
clipitates TlIsz? removing the lodlde, most of_theiIag and
all of the astatine from solution.. The I, and astatlne may
. readlly be removed from the precilpitate by washing’ 1t with
acetone. PbI2 does ﬁof'coprecipitate astatine from these
solutions if the stoichlometric I, concentration is low;
when 1t 1s high, both I, and astatine are partially ad--
sorbed by the pfecipitate but may be removed by acetone.

'In a system containing I,, IBr, and Br-, the astatine
is largely unextractable 1into 0014, belng present primar-
1ly as the slightly extractable AtBr and the unextractable
AtBr, .



The intermediate positive astatine state or states,
which we ﬁay designate At(X), have been 1ldentified primar-
11y on the basls of what they do not do. At(X) 1s com-
pletely unextractable into CClu or benzene, though it may |
extract into ethers from several molar HC1l solutions, and
1t does not coprecipitate wlth insoluble 1odides or 1lodates.

_At(X) 1is formed by oxidation of At(0) with Br, or Cl,
(but see followlng discuseion of At03') or by photochemical
oxidation with a VO'* -- vO,* mixture or with Fe*** at
low Fe++ concentrations. These photochemlcal oxidatioﬁs
are reversed 1n the dark, returning the astatine to the
extractable At{O) state. The radiochemist must always
consider fhe-possibility of interference from such photo-
chemical reactions.

- Likely possibilities for At(X) are HOAt and HAtO,,
wlth the ether-extractable specles belng the corresponding
polyhalo-acids-HAtClEIand HAtCl4. However organoastatlne
compoundé cannot be excluded from consideration.

Astatate, At03', has been.identified as an unextract-
able specles completely coprecipitated with AgIOB, Ba(IO3)2,
or Pb(103)2. It 1s formed by oxidation of lower astatine
states with_Ce*u, hot persulfate, or hot periodlic acid.

Tt 18 also formed when Ag' 1s added to an 12--1' solution
contalning AtI, presumably in accordance wlth the reactibn
AtT + 2I, + 3H,0 + 54T = AtO3” + SAgl + 6HY. Although
the product of Cl, oxidation of At(0) 1s primarily At(X),
when no chloride 18 present in solution other than that
formed by hydrolysls of the chlorine, partlal coprecipl-
tation of the astatine with Pb(IO3)2 1s observed, and this
may indicate partial oxidation of the At(X) to AtO

3

No evidence has been found for a perastatate.
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The following potentlal diagram, referred to 0.1 M.
acld, summarizes the oxldation-reductlon behavior of asta-

tine in aecid solution.
unknown At{O)

At™ -- -0.3 --  AtI - -1.0 -- At(X)
AtBr
At(X) -- -1.5 -- At03 --< -1.6 ——.H5At06\

V. Preparation of Astatlne

Astatine.for chemlcal and médlcal studies and for
tracer use 1s prépared by bombardment of metailic bismuth
or bismuth oxlde wlth alpha partlcles of energy exceeding
20 Mev, according to the reactions B1209(a,Xn) AtP13X,

The reactione with x = 2, 3, and 4 have threshold energles
of 20, 28,-and 34 Mev, re'spectively.a'9

" Metallic bismuth, the more common target materiél, is
customarily fused or vaporized onto aluminum or gold back-
ing plates;” Since astatine may be volatilized from molten
bismuth it is necessary to cool the target darefully.
Bismuth is a poor thermal conductor, and the cboling prob—
lem increases with the thickness of the bismuth layer. The
back of the target 1s generally water-cooled. The face 1s
most effectively cooled by a flow of helium, though 2 static
hellium atmosphere 1s often used. An 0.5 to 1 mil stalnless
steel or copper cover foil pressed tightly to the surface
of the bismuth helps to dilssipate the heat evolved and also
prevents astatine from escaping from the target.

When bismuth oxide is used, it 18 generally pressed
into small holes drilled in the face of a thick aluminum
plate and thereafter treated in the same manner as the
metallic targets. Melting of the target material is mch
less likely in thié case.



In all cases the beam of alpha particles should be de--
focussed as much as possible to avold local hot spots on
thg target.

Varlous astatine isotopes.are also formed by spalla-
tion reactions brought about by high energy bombardment

of a varlety of elements.

VI. Technlques for Counting Astatlne Samples

Astatine211

may be assayed by counting elther 1ts
alpha_particles or the i-rays accompanylng 1ts electron
capture. The alpha counting may be carried out in any
conventional aipha counters, such as gas~flow lonlzatlon
chéﬁbers or proportional counters, or zinc sulflde scin-
tillation counters, Reproduclble and adherent astatine
samples may be obtalned by evaporating #statine solutions
in about 2 M HC1 to dryness on sllver or platinum folls

" under an infrared lamp. Under most other condltions such

evaporations show erratic lossee of astatine.

The requirement of virtually weightless samples to
avoid self-ébsorption severely restricts alpha counting as
a means of assaying astatine. In coprecipitation experi-
ments one may circumvent this difficulty by countlng in-
finitely thick samples of homogeneous prec;pitates, l.e.,
samples 80 thick that no alpha particles from the bottom
of the sample are counted. However, the absorption prob-
lem can be almost completely elliminated by the use of X~
ray counting methods, which permit the direct assay of
golutions and of bulky and lnhomogeneous preclpltates. Al-
though the x-rays may be qounted with a Gelger counter,'
much greater efficlency 1s obtéined.with a sodium-lodide



gecintillator. It 1ls advantageous to reduce the relatlive-
ly high background of the scintillator by operating 1t as
an energy analyzer reglstering only counts of energy 1ln the
vicinity of the ca. 90 kv. k~x-ray of the astatine's
poloniumldaughter. .

211

At decays in part to the long=lived 31207 which

also decays by electron capture. The rétio of 1nitilal

211 x=-ray activity to residual 31207 activity 1s of the

At
order of_105. The bismuth 1s usually present 1n colloldal
form -.probably adsorbed on dust particles -- and wlll be
carried along unpredlctably th?ough a surprisingly wlde
varlety of chemlcal procedures. Only distillatioh of the
astatine can be reliea on to remové all of the 31207.
Samples x-ray assayed for astatine some time after purifi-
cation from 31207 should be recounted after the astatine

207

has entlrely decayed away, the resulting Bl count belng

subtracted from the original count of the sample.

t211 apply gener-

The technlques outlined here for A
ally to the other astatine lsotopes, with specific¢ modifi-
catlons arlsing from the decay scheme of the particular

210 may also

isotope 1n question. Thus, for example, At
be assayed by scintillation counting of its 0.25 and 1.2

Mev gamma rays.

VII. Collectlon of Detalled Procedures for Isolation
and Purification of Astatine

A. TIsolation of Astatine from Targets

Methods of two types are avaiiable for removing asta-
tire from blsmuth targets--those 1nvolving distillation
of the astatline from the molten target and those involving

"dissolution of the target 1n acid.

9



PROCEDURE 1

DISTILLATION OF ASTATINE FROM MOLTEN BISMUTH IN AIRlo

For very rapld separationzbf.asﬁatine from the bismuth
target, a method 1s ﬁsed which glves astatine of somewhat
uncertain purity but which 1s considered adequate for de- .
termination of short-lived alpha-emitters. The basls for
the method 1s the distillation of astatine from molten
blsmuth. The blsmuth target 1s dropped into a stalnless
steel crucible fitted on top with a water-cooled steel
finger to which a cqllecting platinum disk 1s clamped.

When the bismuth 18 kept slightly above its melting point
(as measured by a thermocouple fitted.into a well 1n the
crucible), within a few seconds astatine distills onto the
collecting platé. Polonium does not dlstill 1n appreclable
quantlties until'considerably higher temperatures are
reached. Usling a vacuum carrier system to deliver the
target, thils procedure permifs samples to be 1n the alpha-
'pulse analyzer wlthin 90 seconds after the cyclotron beam

1s shut off.

Edltor's Comments: This method was confirmed by the editor

and Ralph D. McLaughlin.! Although the astatine begins to
come off.the tafget at the melting polnt of the blsmuth, |
temperatures as high as 800°C. may be required to effect
nearly quantltative removal. Astatine collected at such
temperatures will be contaminated wilth any polonium which
may have been present 1n the target, and also with some bis-
muth. The adherence of the asfatine to the coliecting_plate
1s strongly dependent on the material of which the plate 1s
made. Deposits on piatinum or silvér are strongly adherent,

whlle those on aluminum are much less so.l1

10



- PROCEDURE 1 (Cont'd.)

This procedure has also.been found sultable for iso-
lating astatine prepared by heavy-ion bombardment of gold.

In this case the gold 1z dlssolved 1n the molten bismuth.l2

"PROCEDURE 2

PURIFICATION OF ASTATINE ISOLATED BY PROCEDURE 17

The astatine~contalnling plate from Procedure 1 is
placed in a tube on the end of an all-glass vacuum s&stem
incorporating a U tube.® "The plate is heated to 120°C. with
an electric furnace tb drive 6ff véiatile Impurltles. A
liquld nitrogen 5ooling bath 1s. placed aréund.the U tubeb
and thé fufnace temperatﬁfe is ralsed to 500°C. ovér.about
10 miﬁ.é Tﬁe.vacuum 1s bréken and water 6r any desired-
aquéous solutioﬁ 1s added to the cbld U:tube. Upoh'thawing,
the soiuﬁibn is withdrawh, 1eéving.v1rtua11y none.of the
astatine beﬁind. Yields are in the vicinify of 50%,
Notes:

aSeveral centimeters of glass tubing between the U tube

and the platinum plate 1s desirable to prévent polonium
from transferring to the U tube. If polorium contamination
1s not a problem, this tubing may be heated to 100°C. or
more during the distlllation to prevent'adsorption.of asta-
tine on the glass. Hydrocarbon greases should be avolded
between the U tube and the plate, since they have a strong
tendency to adéorb astatine. Dow Corning silicone grease
adsorbs relatively 1llttle astatine, as'does a totally
fluorinated fluorocarbon fracétion (e.g. Hooker Chemical
Company Fluorolube HG 1200).

bA bath at dry-ice temperature may be used, but in this

1



PROCEDURE 2 (Cont'd.)

case a portion of the astatine may pass through the trap.
€A furnace 18 better for this heating than an induction
heater, since when fhe latter is used the astatine has a
tendency to leave the hot metal plate and become irre-
trievably imbedded In the cooler giass walls of the tube. -

The temperature of the furnace should be ralsed gradually.

PROCEDURE 3

DISTILLATION OF ASTATINE FROM MOLTEN BISMUTH
' IN HIGH VACUUM4

The procedure used was to dlstlll the astatine from
blsmuth at 1ts ﬁelting point 1n an all-glass system, and
collect the carriérrfree elemenf in & four-millimeter
dlameter U fube ¢cooled by llquid nitrogen. The U tube
while s8till cold was washed with one drop of concentrated
nitric acid, ailowed to stand 1lhour, and then washed with
distilled water into a stock bottle. By this method three-
milliliter solutions were prepared containing 0.5-molar
nitric acid and 107 disintegrations/sec. of astatine. Such
a solution is 2.1 x 10710 molar with respect to astatine.
Ylelds up to 0.95 were obtalned with less than 0.001 of
any polonium present 1n the original target comlng over.

Astatine evaporated on glass is very poorly held by
this surface at room temperature. Based on this informa-
tion, a double separation of astatine from blsmuth and
polonlum was accomplished. A blsmuth ﬁlaté was bombarded
in such a way ae to accumulate 1n 1t approximately equal
numbers of polonium and astatline atoms, after which a
first distillation was carrled out in the usual way. The

tube containing the blpmuth was sealed off and the astatine

12



PROCEDURE 3 (Cont'd.)

then distilled at room temperature to a second U tube
cooled by liquld nitrogen. The yleld of thils experiment
was 0.83 of the astatine present on the original target;

wlth less 1:h:a.n'10"6 of the polonium coming over. "

Editor's Comments: This procedure 18 presented on.a caveat
emptor basis. The edltor and Ralph D. McLaughlin tested
the method but were unable to repeat 1t successfully.7 In
our experimentes the astatine did not distill below 600°C.
Above this tempéfature the bismuth 1tself began to distill,

carryling the astatine with 1t. Johnson, Leilninger, and
Segré'bombarded bismuth layers less than 40 mg/cm2 thick on

1 mil aluminum backings. Our bismuth layers were from 0.5
to 1 g/cm2 thick on 10 mil aluminum back1ngs. It 1s pos-
glble that the difference in thickness of the bismuth is
in some way responsible for the difference 1n results.

We also had difficulty redistlilling the astatline from
glass. It ﬁas often necessary to heat the glass to several
hundred degrees centlgrade before the astatlne was removed.
The astatlne ﬁas probably belng held by lmpuritles which
condensed with 1t. A.dark staln was often visible at the

point on the glass where the astatlne had condensed. .

' 'PROCEDURE 4

DISTILLATION OF ASTATIN® FROM MOLTEN BISMUTH
' IN A STREAM OF INERT GAS'S |

About 220 mg/'cm2 of spectroscopically pure blsmuth are
fused to a 10-mll gold dilsc, 3-3/8 inches in diameter, to
conform to the 2-by-7-cm. collimating slot in the cyclotron

window assembly, Flg. 1. The beam 1s gufficiently well

13



PROCEDURE L4 (Cont'd.)

collimated so that with centering of the bismuth more than
80% of the gold target may be recovered free of 1ﬁduced _
radioéctivities. Enoughlplatinum folil 1s placed 1n the path
of the alpha beam at A (Flg. 1) to degrade the alpﬁa-paﬁti-
cle energy %o 29 Mev. This is the optimum energy for the

dlpha-2n reaction with bismuth to form At211

210 by the alpha-3n reaction.

wlthout simul-
taneously produclng At _
Alr 1s blown 1n along the side of the platinum folls
to dissipate the heat produced by the bean. One-half
atmosphere of helium 1s held in the area bétween the foils
and the bismuth so that this area wlll be free of any oxy-
- gen. The presence of oxygen would lead to the formation
of bismuth oxide,- which could be carried over in the sub-

211-15 very

sequent distillatilon operatlon. Because At
volatlle, even -at room temperatures, water cooling is
carried on Just behind the gold target plate at B (Fig. 1).
The total beam on thé assembly in microampere hours 1s in-
dicated by the integrator (Fig. 1). _ -

‘At the end of the bombardment, the target and holder
are allowed to cool for a short perlod of time to permit
the decay of the short-lived radlolsotopes produced 1ln
the aluminum, platinum, and gold folls. The target plate
1s then removed from the assembly and carefully driled.
After the removal of the -excess gold from either side of
the gold-bismuth alloy, the target 1s cut lengthwise into
two pleces, taking care to avoid'flaking.df the bismuth.
These two pleces are placed in a small quartz boat, which
1s inserted into the large quartz tube shown at C (Flg. 2).

Survey-meter readings are taken at the surface of the

heating unit and at the cold finger D (Flg. 2) in order to

1k
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PROCEDURE 4 (Cont'd.)

provide a reference polnt for later determinatlon of

.completeneas of the distlllation of the At211;

Liquid ni-
trogen 1s put in the cold finger reservoilr F (Fig. 2) and
around the trap E (Flg. 2). In order to facllitate col-
lection and to prevent the adsorptionlof the astatine on
the glass of the cold finger, a thin film of 1lce 1s
deposited on the finger by soft breathing.. The entire
system 1s evacuated with a Cenco-Megavac:pump and tested
with a Tesla coll. When a vacuum of less then 200 mi-
crons 1ls obtalned, an lnert ﬁtreaming.gaa--heliﬁm-or ni-
trogen--1s introduced through the capillary tube between
A and B (Fig. 2). ‘TWwo pounds of pressure is maintained

on the tank side 1n order to permit a.steedy flow of gas
over the bismuth to the cold finger. Neither water hor
oxygen 1s permitted to enter the system, because 1t has
been found that these tend to increase colloid formation.

The furnace 1s turned on, and the target 1s brought
rapidly to 700°C as determined by & thermometer inserted .
in B (Fig. 2). Below tﬁis temperature the yield of at1l
1s low and above it a brown to black layer of bismuth may
distill onto the cold finger and céuﬂe'great'lose of
activity in subsequent centrifugatien. The'quarté.tube
between the furhace and the finger“is"flamed periodically
to prevent adsorption of any activity on the walls of the
quartz tube. The temperature is held at 700°C for approxi-
mately 40 minutes, or until survey—meter readings glve no
further indication of movement of activity from target to
finger. '

The furnace 1s turned off and orened, and'the appar—
atus 18 allowed to cool to approiimately 100°C. The vacuum
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PROCEDURE & (Cont'd.)

pump 1s turned off. When the system has returned to at-
mospheric pressure, the cold finger 1s carefully lifted straight
up to prevent any of the ice from flaking off. The finger is
washed with 10 ml of 1sotonlc saline containing 5 mg/ml of
Na2803.' This solution is placed in an ultrgcehtrifuge for

20 minutes at 30,000 rpm. The centrifuge cone is read with

a survey meter and the value recorded. The supernatant 1s
.transferred to & 25-ml Berum bottle. A 10=-ml volume of water

is added to the corne and shakep with the resldue. The cone

1s again metered to determine the amount of actlvity remaln=

ing 1n the cone as collold.

Editor's comments: The edlitor confirmed this procedure, ob=-

taining ylelds of about 10#%. Garrison et al.l4 report a

similar procedure using a flow of nitrogen at 10'2 to lO'3 mm.
of Hg. They heated the bilsmuth only to 425°C.

FROCEDURE 5

ISOLATION OF ASTATINE BY DISSOLUTION OF THE
TARGET AND EXTRACTION INTO ISOPROPYL ETHER®
(See also Procedure 6)

Tn making the isolation from the tafget, the bismuth is
dissolved in nltric acid and the solution céncentrated by
boiling. - The solution is not taken to drynesé,.as a llttle
HNO3 does not interfere. Concentrated:H01.1s added to bring
the HCl concentration to 8 M, and the solution 1s cooled and
extracted wlth lsopropyl ether.2 Isopropyl ether that has
.-préviously been equilibrated with 8 M HC1 is somewhat better
than pure ether for_this purpose, Blnce 1ts use minimizes
volume changes. The ylelds in a single extractlon are better'

than 90%, the presence of Bi(III) salts increasing the extract-
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FROCEDURE 5 (Cont'd.)

abllity. Washing the ether phase with 8 M HC1l removes about
10% of the activity. Less than O. 01% of the bismuth is
retalned 1n this proceaure.

In_the recovery of astatine from residues, higher
oxidation states of astatlne are reduced'with hydrochlorilc
acld, lower oxidatlon states are oxidized with Clé. or-
ganlec forms are éppﬁrently'not éffected by this. treatment.
Because of the large amount of sodium compounds that
appeared in the residues, éodium chloride often preclpl-
tated from the 8 M HC1 solutions. Separation by centrifu-
gation 1s aa%isfactory, as there 1s no tendency for the
compiex to be retained on the precipitate. Iron salts, if
preéent, are oxidized to Fe(III) and are extracted along .
* with the astatine. Backeextraction with NaOH solution pre-
cipitates Fe(OH)3, which will carry some of the astatine.
only about 5% of the astatine is carried if the amount of
Fe(OH)3 18 not exorbitant. The extraction procedure also

serves to aeparate from Po 10

, which accumilates from the
21 0 : '

decay of At
Note:

a'I‘he isopropyl ether has previously been purified Tfrom
peroxlides by washing wlth three portions of saturated
aqueous FeSOA, followed by three portions of water.

Editor's comments: The editor has confirmed this method

wlth certain exceptions: The HCl1l used to_wash_the astatine-
contalning ether should be about 1 M in HNO3. If no nif
trate 1s present up to half of the astatine activity mﬁy be
backextracted 1n thils wash; Neﬁmann badkextracted the

astatline with 0.5 M_NaOH. However I have found the complete-
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PROCEDURE 5 (Cont'd.)
ness of this back-extractlon to be varlable. Sometimes less
than half of the astatine can be backextracted. I have not
tested the use of_thislmethod fbr the reéoﬁéry.of astatihe

from residues.

PROCEDURE 6

ISOLATION OF ASTATINE BY DISSOLUTION OF THE
TARGET AND EXTRACTION INTO ISOPROPYL
ETHER, AND PURIFICATION FROM LEAD,
BISMUTH, AND POLONIUM™®

The method developed for removal of pure astatine con-
sisted.in 1ts extractlon, preéumably while in the zero'oxi—
dation state;iinto diisopropyl ether (DIPE). The bismuth
target was dissolved in such a manner as to end up with a
qolution 1n concentrated hydrochloriec aclid to which ferrous
sulfate was added to make.sure that the astatlne was re-
duced to the zero state. This solution was contacted with
DIPE. The DIPE solution was washed with dilute sulfuric
acld, or hydrochloric acld, and.so far as could be foid by
absence of polonium and bismuth alpha-activitj, the asta-
tine was pure. Samples of the DIPE solution could then be
evaporated on platinum or stainless steel disks for radla-
tion measurement.

A solutlon contalning pure astatine isotopes beglns to
grow, successlvely, polohium ana lower element daughters
principally by electron capture decay. The polonium, bls-
muth,-aﬁd 1ead may be removed periodically by adding one-
tenth volume of 20 percent tributyl phosphate (TBP) in
1sobutyl ether to the DIPE solution and extracting into
a 2M nitric acid--4M hydrochloric acid aqueous solutlon.

"These elements leave thé organlic phase, quantitatively,

20



PROCEDURE 6 (Cont'd.)

in onl& about one minute contact time whille the astatlne
remains quantitativeiy in the organic layer. The polo-
nium can fhen be separated from blsmuth and lead by ex-
tracting into TBP solution after destroylng the nitrate
ion and making the agueous solutlon 6M HCl. The bismuth
and lead are separated by precipitating the blsmuth as
BLOC1 and the lead as PbSO).

PROCEDURE 7
'ISOLATION OF ASTATINE FROM BISMUTH OXIDE TARG-ETS15
The targets conslsted of pockets of'Bi203 imbedded
in the surface of an aluminum slab. After irradiation
the 31203 was dlssolved 1n HClOu contalining a 1little
lodine, and the bismuth was precipltated as the phosphate.

B. Mlscellaneous Radlochemical Méthods

PROCEDURE 8

' DETERMINATION OF ASTATINE IN BIOLOGICAL MATERIALS -
BY COPRECIPITATION WITH TELLURIU'M1

A sample of aétatine-containing tissue (less than 10
grams wet welght) 1s placed in a 100-ml. borosilicate glass
beaker and digegted in & minimum volume of 9 H_perchloric
acld contalning 30% by volume of 16 N nitric acid. After
the organic materlal has been oxldlzed, the clear solution
1s evaporated to 10 to 15 ml. of concentrated perchlorile’
acid. The solutlion 18 cooled and diluted to 3 N and 5 mg.
of tellurlum as tellurous acld are added together with 1 ml.
of 12 N hydrochloric acid. (Tellurous acid is only slowly
reduced 1n cold 3 N perchloric acld in the absence of -
dilute hydrochloric acld) A stream of sulfur dioxide 1s

passed through the solution, precipltating metalllc tellu-
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PROCEDURE 8 (Cont'd.)
rilum whlch carries_astatiﬁg quantitatively. The tellurilum
1s separated by centrifugation,.washed three_times with
.distilled water, gnd transferred to a porcélain.counting
dish. After dryling at 70°C., the dish 1s counted for
alpha-activity.

Edltor's comment: Accdrding to Corson, MacKenzle, and

Segre), any polonium present remains quantitatively in
solution when tellurium is precipltated in this way, and
“the astatlne may subsequentiy be freed from te11ur1um by
precipitatinélthe latter from alkaiine solution with
sodium ﬁtannite.3 | ' ' '
PROCEDURE 9

- DETERMINATION OF ASTATINE IN BIOLOGICAL
MATERIALS BY DEPOSITION-ON_SILNER14

A sample of astatine-contalning tiséue is digesfed.
in a mixture of perchloric-nltrlc ﬁcid.a After digestion
18 complete, the solutlon 1s evaporated until the perchloric
acld fumes (approkimately 10 ml.), diluted to 3 N with
the additlon of dlstllled water, and transferred to a
50-ml. beaker. A clrcular sllver foll 2 mils thick of é
size convenlent for alpha counting 1s placed in the bottom
of the beaker and the solutlion ls stirred for 30 minutes.
"The foll is washed 1n water and acetone, dried 1n alr, and
counted for alpha-activity. Although the astatine de-
posits prindipally on the top surface of the sllver foll,
for quantitative results both sides of the foil should be
counted for alpha-activity.

Note:

aThe digestion procedure 18 that detalled 1n Procedure 8.
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PROCEDURE 9 (Cont'd.)

Editor's comments: The editor ﬁnd Ralph D. McLaughlin
tested this method but were unable ﬁo.obtain reproducible
results with 1t. In some experimentﬁ the astatine was
quantiﬁatively rembved from solution, while in otheré, lesﬁ
than half of 1t could be removed. The method does not.
provide a separation from polonium, which is also deﬁosi-

ted to a'large extent oﬁ sllver féils.

PROCEDURE 10

127 16

copETERMINATION OF I'27, %31 anp AT v TISSUE
Ihe apparatus consisted of a one—liter.ciaisen flask
fitted by a ground-glass Joint ﬁo a thistle tﬁbe with a
stépcock and by a second Joint to an all-glaas_water4jacket
condensér wlth a delilvery fﬁbe beﬂt néarly to a right anglé.
‘Erlenmeyer flasks one-fhird full df'0014.and'sur:ounded by
ah ice bath served as feceiveré. Thé réceiving flaaké
were plaéed so that the delivery tube dipped well below
the surface of the cc14. _ ' |
The thyroid glands were weighed,.and no more than 50
grams was employed 1n.a sihgle determinatlion. Thyrold
glands welghing moré than 50 grams were divided into_
approximately equal portions which were assayed separgte-“
ly. The tissue sample and somé glass beads were piaded
in the flask with approxlmately three times the tlssue
welght of chromlium trioxide. The neck of the flask was
washed wlth three tlmes the.tiasue wéight of wéte?. Aftér
the initial bubbling had subsided, a vd;ume of_36 E_sulfﬁr-
1c acld equal to that of fhe water was.édded siowly through
the thistle tube. Since the reducing capacity of biologl-
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PROCEDURE 10 (Cont'd.)

cal materials 1s variable, it was sometimes necessary_to
use more than the stated amounts of_reagents. The color
of the reactlon mixture usually was 1indlcative of the pro-
gress of the oxidatlon. Perslstence of the dark-green
chromic ion indicated_that the oxldation was not complete
and more chromlum trioxide, water, and sulfuric acld were
added. All the reagents used were c.p. grade.

.When the addltlion of the acld was complete, and the
violent reactlon had ceased the flask was heated slowly to
a boil, and Water was distilled until the amount of water
collected in the receiving flask was nearly equal to that
originally added or until excess chromlum trioxide pre-

: cipitated A small amount of distilled water (10 to 20 ml )
was added and the distillation was continued for a few
minutes to insure the complete removal of chlorine and to
wash out the condenser. Over-heating was avolded because
of the possibility of carrying spattered dichromate over
into the condenser.

The reaction flask was then allowed'to.cool to about'
50°¢, and the receiver was replaced by a- 500-ml Erlen-
meyer flask containing 200 ml of fresh CClu. Neither the
At211 nor I 131 was found 1ln measurable quantities in the
initial aqueous or organic phases in the first receiving
flask. '

From:50 to 200 grams'of oxalle acid,a depending on
the amount'of tissue 1in the sample, were added_slowly,'a
few crystals at:a'time until the evolution.of 002_ceased
and the solution was dark green 1in color. The flask was
then heated and water, :1odine, and some of the Atzll-Were

distilled,over.until the brown 1odine color was no longer
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PROCEDURE 10 (Comt'd.)

discernable in the dellvery tube. The dlstlllatlon was
contlinued until another 20 to 30 ml of water had been
collected. ' _
After the flask had cooled néarly to room temperature,
three times the tissue welght of anhydrous ferrous sulrate.
was added, and the neck of the flask was'washed with 20 ml1
of water. The dlstlllation was continued, using the same
recelving flésk, untll ferrous sulfate precilpltated in the
bottom of the dlstilling flask as a greenish-white.solid.
The distillate and the cc14 were_transferred to a large
separatory funnel with enough 0.2M Na2803 tp_completely .
reduce the lodlne. The layers were separated_and_the CClu _
was discarded. The volume of the aqueous layer was re-
corded, and duplicate aliquots for radioactive assay
were plpetted 1into cléan tinned bottle caps.b: One ml of .
0.2N KI in O.1 N NaOH and an excess of 0.1l§_AgN03 were
added. The sampies were mixed by carefully rotating the
caps and were dried slowly under & heat lamp at.75°c.
~ The sampling technique described above 1s quentitative,
presumably as a result of the effic;ent scavenglng of_thedl:
astatine by the mlxed AgI-Ag20 preclpitate, which, on
heating in'contact with the tinned mount, 1s reduced to
form & thin uniform film of metalllc silver completelyij_
binding the astatine. The samples were assayed_for

At21

131

1 alpha actlvity 1n an lonlization chamber, and fqr
I gamma actlvity with a gcintiliation-cbunter.F

The sﬁablé-iodine content of the samples was deter-
mined ‘by oxldlzing an alliquot of the 1odlne-contalning
distillate with dilute HC1 and H2O2 and ré-extradting

into a known volume of CClu. The concentration of 12
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PROCEDURE 10 (Cont'd,)

in the 0014 was meésured with a8 previously calibrated
Beckman spectrophotometer at a wave length of 570 mu.
The accuracy of this method was checked by pllot
'experiments uslng samples of rat muscle or beef thyrold
to which had been added known amounts of At211 and 1131,

The recovery of the At211

was 90.2 * 2.8% and that of
131 i :

I was 98 + 1%.

The recovery of iddine, both stable and radiocactive,
was quentitative after the reduction with oxalic acid'and
the subéequent distillation as I,. When the pllot experi-

211 would'

ments were performed, it was anticlpated that At
be recovered quantltatively in the CCl, phase following
the reduction wlth oxalic acld, as was lodlne. It was.-

found, however, that the recovery of the atoil

was erratic
so that the subsequent reduction with'ferroua sulfate was
included in the method to insure the accuracy of the'deper-
mination of At21L, -

aThe_use'of iargé crystals of oxalilc acid 18 recommended,
especlally in thé_early'stageé of the reactlon, which 1s
quite violent. ‘ _ '

Pyhen these bottle caps ére recelved from the deﬁlér;
they are coated with a thin film of lacquer. This 1s re-
moved by soaking for a few hours in 6 N NaOH warmed on a
hot plate.

CThe scintiliation counting was done through 0.55/bm2

of lead to remove o and B'particles and_At211 xX-rays.



PROCEDURE 11

DETERMINATION OF ASTATINE BY COPRECIPITATIGN
=
WITH METALLIC SILVER OR PALLADIUM -

Sllver or palladium lon 1s added to the astatine solu-
tlon. Then sufflclent sodium sulfite 18 added to precipil-
tate all of the added catlon &8s the metal. If a nidric
acld solution 1s used, enough sulfite must be added to
nearly completely neutrallze the free acid. Less than

0.5% of the astatine remains in solution.
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